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Solution Structure of the Bacterial Frataxin
Ortholog, CyaY: Mapping the Iron Binding Sites
cause of the progressive neurodegenerative disease
Friedreich’s ataxia (FRDA) (Campuzano et al., 1996 and
1997). This recessive illness is the most common inher-
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in all sequenced genomes (Huynen et al., 2001). In agree-Naples 80126
Italy ment with this observation, clinical studies on FRDA
patients have indicated deficiency in Isc proteins, al-
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progressive iron accumulation in mitochondria, and im-Summary
paired iron-cluster synthesis (Cossee et al., 2000; Foury,
1999; Delatycki et al., 1999; Koutnikova et al., 1997;CyaY is the bacterial ortholog of frataxin, a small mito-
Babcock et al., 1997). A frataxin knockout in yeast pre-chondrial iron binding protein thought to be involved
sents severely diminished Isc assembly into mitochon-in iron sulphur cluster formation. Loss of frataxin func-
drial apo-ferredoxin (Lutz et al., 2001). A direct interac-tion leads to the neurodegenerative disorder Fried-
tion between the IscU protein and frataxin has beenreich’s ataxia. We have solved the solution structure
inferred from in vitro and in vivo studies (Yoon andof CyaY and used the structural information to map
Cowan, 2003; Gerber et al., 2003; Muhlenhoff et al., 2003;iron binding onto the protein surface. Comparison of
Ramazzotti et al., 2004). While these results provide solidthe behavior of wild-type CyaY with that of a mutant
evidence in favor of a link between frataxin and the Iscindicates that specific binding with a defined stoichi-
proteins, frataxin’s exact role in this process remainsometry does not require aggregation and that the main
unclear. A current working hypothesis is that frataxinbinding site, which hosts both Fe2 and Fe3, occupies
functions as an iron chaperone and is necessary to carrya highly anionic surface of the molecule. This function
iron in a suitable form and to allow transfer onto IscU,is conserved across species since the corresponding
the protein responsible for transient assembly of Iscregion of human frataxin is also able to bind iron, albeit
(Agar et al., 2000). However, a recent report has attrib-with weaker affinity. The presence of secondary bind-
uted the same role to IscA, another component of theing sites on CyaY, but not on frataxin, hints at a possi-
Isc operon (Ding and Clark, 2004; Ding et al., 2004).ble polymerization mechanism. We suggest mutations
In support of the iron chaperone hypothesis, frataxinsthat may provide further insights into the frataxin
were demonstrated to be able to bind iron ions directly,function.
even though the mechanism is still a matter of debate.
Both the human and bacterial frataxins have been shown
Introduction to form stable, although relatively weak, iron complexes
at low stoichiometric protein:iron ratios (1:6, with binding
Iron sulfur clusters (Isc) are inorganic cofactors present constants in the low micromolar range) (Yoon and
in a variety of proteins implicated in essential cell func- Cowan, 2003; Bou-Abdallah et al., 2004). An alternative
tions, ranging from electron transfer to transcription reg- mechanism was suggested by Isaya and coworkers:
ulation. In vitro, the assembly of Isc clusters can be at high iron:protein ratios, some orthologs form large
achieved directly from anaerobic reduction of ferric ions spherical aggregates and sequester iron (Adamec et al.,
and sulfide. However, a much more complex mechanism 2000; Adinolfi et al., 2002), so frataxin could have an
is necessary in vivo, where, due to their toxicity and iron storage function similar to that observed for ferritins
insolubility, both components must either be stored in (Harrison and Arosio, 1996).
other oxidation states or transported by suitable chap- Further characterization and mapping of the iron bind-
erone-like systems (Frazzon et al., 2002). A protein re- ing properties of the frataxin protein family onto the
cently implicated in Isc assembly is frataxin, a small protein structure is therefore needed at this stage. With
protein (210 amino acids long) nuclearly encoded and this aim, we have carried out a study in solution of the
subsequently targeted to the mitochondria (Gibson et bacterial ortholog of frataxin, CyaY from E. coli. Previous
al., 1996; Campuzano et al., 1997; Koutnikova et al., studies on this ortholog have shown that it has several
1997). Reduced expression levels of frataxin as a result features that make it a more reliable model system than
of impaired transcription have been identified as the either the yeast (Yfh1) or the human orthologs: CyaY is
a 106 residue protein (having ca. 12.2 kDa molecular
weight) that comprises only the evolutionary conserved*Correspondence: apastor@nimr.mrc.ac.uk
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domain common to all frataxin orthologs, without the Structural Comparison Shows a Remarkable
Conservation of the Foldaddition of mitochondrial import signals. Although CyaY
As reported previously (Musco et al., 2000; Cho et al.,has similar iron binding properties to Yfh1 (Adinolfi et
2000; Dhe-Paganon, et al., 2000), a structural superpo-al., 2002), it is relatively more stable both in terms of
sition search (by using the http://www.ebi.ac.uk/msd-thermal stability and fold (Adinolfi et al., 2004). Finally,
srv/ssm/cgi-bin/ssmserver) through the protein struc-it gives excellent nuclear magnetic resonance (NMR)
ture database confirms that there is still no relevantspectra (Nair et al., 2003), which makes it well suited to
structural homology with other proteins outside the fra-study interactions by NMR.
taxin family. The solution structure of CyaY is in excellentWe first determined the structure of the protein in
agreement with the corresponding crystal structuresolution. Our results show an evolutionarily stable fold
(Cho et al., 2000), with an overall rmsd of 1.16 A˚ forthat is very similar in the crystalline and in the solution
residues 4–106 (Figure 1C). This comparison suggestsstates. We then used NMR chemical shift perturbation
a high level of accuracy in the structure determinationtechniques, a powerful and sensitive technique to detect
and great stability of the fold in the crystalline and solu-interactions, to map the iron binding sites both on CyaY
tion environments. Local superposition of the regularand on human frataxin, thus drawing a direct compari-
secondary structure elements leads to rmsd values be-son. We here provide the first direct description of the
tween 0.15 and 0.6 A˚.iron binding surface, which involves a patch of con-
The fold of CyaY is also in excellent agreement withserved negatively charged residues. Our results consti-
the structure of the evolutionarily conserved domain oftute an important basis for mutagenesis studies both
the human ortholog (Musco et al., 2000; Dhe-Paganonin vivo and in vitro, which could then give us further
et al., 2000). Despite the evolutionary distance betweeninformation regarding the function of frataxin.
the species and the consequent sequence diversity
(they share only ca. 25% sequence identity), the struc-
tures are remarkably well conserved (Figure 1D). TheyResults and Discussion
superpose with an rmsd of 1.7–2.4 A˚, depending on
whether the NMR or the crystallographic structures areThe Solution Structure of CyaY Was Solved
considered. Three major noticeable structural differ-at High Precision
ences can be observed between the human and theFigure 1A shows a typical NMR bundle representation
bacterial orthologs. In human frataxin, there is a fourof the final 20 energy-minimized conformers. The bundle
residue insertion in the loop between 1 and 1, andhas good covalent geometry and nonbonded contacts
residues 180–181 are structured and form an extra that are in agreement with the experimental restraints
strand in human frataxin, whereas the corresponding(Table 1). None of the selected conformers has NOE
region (84–85) of CyaY has no regular structure. Finally,violations greater than 0.5 A˚ or dihedral angle violations
and possibly most notably, the C terminus of CyaY isgreater than 5. According to the Procheck-NMR analy-
nine residues shorter than in human frataxin. The lengthsis (Laskowski et al., 1996), 98.6% of residues (non-
of this tail has been demonstrated to be an importantproline and non-glycine) are within the allowed region
factor influencing the intrinsic thermal stability of theof the Ramachandran plot, whereas only 1.4% of resi-
different orthologs in vitro (Adinolfi et al., 2004).dues is in the disallowed region. Good atomic precision
The remarkable conservation of the fold through theis indicated by an average backbone atomic root-mean-
species and in the crystal and solution states supportssquare deviation (rmsd) of 0.84 0.10 A˚ (residues 4–106)
the essential cellular functional role of frataxin (Cosseerelative to the mean structure and by backbone angular
et al., 2000). As a practical consequence, we can confi-order parameters greater than 0.9 for most backbone
dently model other members of the family by homology,
atoms.
without the need to solve each individual structure.
The solution structure of CyaY comprises two helices
(3–22 [1] and 87–99 [2]), which pack against a six-
stranded, anti-parallel  sheet (30–35 [1], 38–43 [2], Residue Conservation Hints at Functionally
48–53 [3], 60–63 [4], 69–73 [5], 78–80 [6]) (Figure Important Regions
1B). The hydrophobic core contains, among other resi- The availability of a much larger number of sequences
dues, three of the five tryptophans present in the se- since the first reports of frataxin ortholog structures
quence (Trp14, 78, and 88); the other two (Trp24 and (Musco et al., 2000; Cho et al., 2000; Dhe-Paganon, et
61) are solvent exposed. Interestingly, mutations of al., 2000) enables us to revise the pattern of residues
some core residues, namely, Ile17, Val60, Leu62, Trp78, conserved within the protein family, which could be of
and Phe87, are associated with severe clinical cases of potential functional importance (Figure 2A). While most
Friedreich’s ataxia (Cossee et al., 1999). The last seven of the conserved residues are buried and therefore nec-
C-terminal residues insert into the groove formed be- essary for preserving the tertiary scaffold, the protein
tween 1 and 2 and pack against the well-defined contains two distinct, highly conserved, exposed “hot
hydrophobic core of the molecule. Additional contribu- spots”: a semihydrophobic patch on the  sheet surface
tions to the fold stability might be achieved from salt and a negatively charged ridge that comprises 1 and
bridges between Arg8 and Asp11 and between Arg106 the edge of 1. Having resisted evolutionary change,
and the spatially close Glu77 and/or Asp89. Two of the these two regions must be involved in essential func-
five Trp residues (Trp14 and Trp88) can form stabilizing tions of the protein. A patch of conserved residues clus-
interactions with nearby arginine residues (Arg53 and ters on the  sheet surface and comprises mostly hy-
drophobic and polar residues (Figure 2B, left). TheArg106 or Arg20, respectively) (Burley and Petsko, 1986).
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Figure 1. Solution Structure of CyaY and
Comparison with the Crystal Structure and
the Human Ortholog
(A) A set of 20 energy-minimized conformers
of bacterial frataxin CyaY superposed on the
average structure (shown in red).
(B) Average NMR structure showing the N-
and C-terminal  helices packed against a
six-stranded  sheet. The N and C termini are
also indicated.
(C) Pairwise superposition of the correspond-
ing NMR (in green) and crystallographic (1ew4,
in blue) structures of CyaY is shown.
(D) Structural comparison of the NMR (1ly7,
in green) and the crystal (1dlx, in green) struc-
tures of hfra(91-210) (in blue) using the same
orientation as in (C).
relatively extended area and the noncharged residue tion revealed a binding stoichiometry of two ferrous ions
per CyaY monomer with a binding constant of Kd types strongly suggest that the  sheet surface takes
part in intermolecular interactions, more likely with a 3.8 M (Bou-Abdallah et al., 2004). This affinity is one
order of magnitude higher than the value reported forprotein partner rather than with a nucleic acid, an ion,
or a small ligand. human frataxin (Kd  55 M; Yoon and Cowan, 2003).
Additional much weaker Fe2 binding sites were alsoSeveral glutamates and aspartates cluster in the re-
gion that includes1 and1 and form a highly negatively detected, but their affinities are too low to determine
their stoichiometry with confidence. A stoichiometry ofcharged ridge (Figure 2B, right). Asp11, Glu19, Asp22,
and Asp31 are conserved throughout evolution, whereas 1:6 was observed instead for Fe3. An excess of Fe3
promotes formation of large spherical aggregates thatAsp23, Asp27, and Asp29 are only semiconserved. Inter-
estingly, mutation of Asp29 into a Tyr is observed in sequester 26 Fe3 atoms per monomer (Bou-Abdallah
et al., 2004; Adinolfi et al., 2002).samples from a restricted number of heterozygous
Friedreich’s patients in which one of the alleles carries Once we had established the structure of CyaY in
solution, chemical shift perturbation was used to gainthe trinucleotide expansion, whereas the other hosts
a missense mutation within the coding frataxin gene detailed information and to map the iron binding sites
onto the protein structure. NMR is the most suitable(Cossee et al., 1999). Altogether, these observations
provide strong evidence in support of the functional technique to discriminate between iron binding to the
monomer and iron-promoted aggregation, since reso-significance of this negatively charged region.
nances of high-molecular species are broadened be-
yond detection. Both Fe(II) and Fe(III) titrations of CyaYMapping Fe2 and Fe3 Binding Sites on CyaY
Extensive previous studies carried out on CyaY by an- were performed by using {1H, 15N}-HSQC spectra to mon-
itor perturbations. The spectral properties observed foraerobic isothermal titration calorimetry and ultrafiltra-
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range of 1:1–1:2, several other peaks shift or broaden,Table 1. Summary of Statistics for the Family of 20 Bacterial
always with no obvious concomitant appearance of newFrataxin Structures after Water Refinement
resonances: in addition to the residues mentioned
NOE upper distance limits 902
above, broadening was observed for residues 19, 24,Intraresidue 377
29, 31, and 32, and successively also for 4–7, 61–62, andSequential (i, i  1) 215
69–72. Figure 3A and Figure 4A summarize the resultsMedium range (i, i  2 to 4) 103
Long range (i, i  5) 207 of the titrations at a 1:2 protein:iron ratio. The strong
Dihedral angle constraints (φ and 	) 138 perturbation observed for resonances in region 20–23
Hydrogen bonds 46 is likely to reflect the effect of populating the Fe2 bind-
Residual NOE and Angle Violations ing site whose stoichiometry corresponds to a 1:2 pro-
tein:iron ratio, whereas perturbations seen in other re-Number of NOE violations  0.5 A˚ 0
gions reflect the transient population of secondary sitesNumber of torsion angle violations  5 0
(Bou-Abdallah et al., 2004). At a 1:6 protein:iron ratio,
Rmsd (A˚)
the spectrum is strongly perturbed, with disappearance
Residue 1–106 of residues 6, 11–13, 18–25, 27–29, 31, 44, 54, 59, 61,
Average backbone rmsd to mean 0.92  0.09 62, 69–71, 84, and 87 and substantial broadening and/
Average heavy atom rmsd to mean 1.54  0.13 or shifting of residues 5, 7, 9, 34, 52, 73, 80, 81, 86, 88, 89,
Residues 4–106
and 90 (data not shown). This generalized perturbation isAverage backbone rmsd to mean 0.84  0.10
likely caused by the presence of appreciable concentra-Average heavy atom rmsd to mean 1.47  0.14
Residues 4–99 tions of paramagnetic free aquo Fe2 ions, which non-
Average backbone rmsd to mean 0.82  0.09 specifically bleach other exposed residues. To exclude
Average heavy atom rmsd to mean 1.43  0.14 a possible contribution of the anion in iron coordination,
different Fe(II) salts were used. No appreciable differ-Rmsd from Experimental Restraints
ences were observed.NOE (A˚) 0.054  0.002
Titration of CyaY against Fe3 showed effects qualita-Dihedrals () 0.46  0.14
tively similar to those caused by Fe2, in that the reso-
Average Rmsd (Rms Z Scores Based on WHAT IF Output) nances severely affected to the limit of disappearance
Bond lengths 0.990 already at protein:iron ratios higher than 1:1 are Arg20,
Bond angles 1.286 Asp22, and Asp23. At ratios up to 1:2, complete disap-
Omega angle restraints 1.615 pearance of the cross peaks of residues 20, 22, 23, 29,
Inside/outside distribution 0.961
30, and 31 is observed, while the resonances of residues
Procheck-NMR Analysis 21, 33, and 34 broadened, without significant effects on
other resonances (data not shown). At ratios up to 1:6,Ramachandran plot statistics for family of 20 conformers
Residues in the most favored regions 85.2% all the resonances in the range of 19–35 are severely
Residues in additional allowed regions 12.0% affected (Figures 3B and 4B). At higher ratios, more
Residues in the generously allowed regions 1.4% generalized line broadening is observed, but, overall,
Residues in disallowed regions 1.4% the spectra remain sharper and the effects are well local-
ized in the region around 19–35. This is likely because
any excess of unbound paramagnetic ions is incorpo-
rated in the aggregates, as also supported by the ab-
the CyaY/iron complex were highly unusual. When titra- sence of precipitation and by the yellow color of the
tion with Fe2 was carried out under anaerobic condi- sample. A noticeable difference with the Fe2 titrations
tions, selective broadening up to disappearance of spe- is that virtually no shifting of specific resonances is ob-
cific resonances was reproducibly observed even at served (Figures 3A and 3B).
substoichiometric iron concentrations, i.e., at protein: These results indicate that CyaY is able to bind iron
iron ratios 
1:1. However, we did not observe the large ions in both oxidation states by using essentially the
pseudocontact shifts typically induced by tightly bound same area of the protein surface.
paramagnetic centers and/or concomitant appearance of
new resonances. We explained these observations by as-
suming that, when the affinities are very low, the lifetime Other Cations Compete for the Same Binding Site
To assess the selectivity of the iron binding sites, weof a weak complex is long with respect to the chemical
shift difference of equivalent nuclei in the bound and free tested other cations. We considered first Ca2, a divalent
cation belonging to the same row of the periodic tableforms, but short compared to the T2 of the resonances
in the free form. This implies that the resonances of the as iron, but with a larger ionic radius. Gel filtration stud-
ies had shown that CyaY aggregation in the presencenuclei close to the paramagnetic species can broaden
(up to disappearance) more than for a tight complex. of iron is reduced upon addition of Ca2, suggesting
that Ca2 competes for the same binding sites occupiedSuch a phenomenon has been observed also for the
weak binding of lanthanides to noncanonical sites of by iron (Adinolfi et al., 2002; Bou-Abdallah et al., 2004).
Competition is also suggested by the strong stabilizingcalmodulin (Bertini et al. 2003). Consequently, it is possi-
ble to conduct experiments with lower than stoichio- effect that Ca2 has on the thermal stability of CyaY
(Adinolfi et al., 2004). Finally, being always diamagnetic,metric ratios to pinpoint the site of iron coordination.
The amide resonances of Arg20, Leu21, Asp22, and Ca2 can help to discriminate the effect of binding with-
out the interference of additional paramagnetic effects.Asp23 disappear completely at a 1:1 ratio. At ratios in the
Mapping Iron Binding on the Structure of CyaY
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Figure 2. Sequence Conservation along the Frataxin Family
(A) Multiple alignment of frataxin orthologs, color coded according to the ClustalX convention to emphasize conserved sequence features
(Thompson et al., 1997). The sequences are identified by their entry names in the SWISSPROT database.
(B) CPK representation of CyaY showing the conserved residues onto the three-dimensional structure. They cluster mostly on one surface.
The two views differ by 180 (the one on the right being the same as in Figure 1). Hydrophobic and polar conserved residues (Val38, Thr40,
Ile50, Asn52, Arg53, Gln54, Pro56, Gln59, and Trp61) are indicated in green. They form a conserved patch on the  sheet surface (particularly
visible in the view on the left). The conserved and semiconserved negatively charged residues are shown in red and orange, respectively.
They all cluster on 1 and 1.
{1H, 15N}-HSQC spectra of CyaY recorded at increasing in chemical shift of equivalent nuclei in the bound and
free form, but short compared to the T2 of the reso-protein:cation ratios show that Ca2 affects the same
region as iron: at a 1:1 protein:Ca2 ratio, the amide nances in the free form. The paramagnetic effect of
Eu3 at higher ratios becomes predominant, producingresonances of residues 14, 17, 22, 23, 25, 27–31, 34, 44,
and 104 are shifted. The chemical shift variations are unspecific broadening of the whole spectrum. Ytterbium
and luthetium, two other lanthanides with stronger andmodest anyway (less than 0.1 ppm in the 1H frequency)
and reach a plateau at protein:Ca2 ratios of ca. 1:6 no paramagnetic properties, respectively, produce a
similar trend with specific effects in the region around(Figure 3C). Further increase of the calcium concentra-
tion, obtained by dialyzing the protein into a buffered 20–32 (data not shown). Minor differences are observed
in the order in which resonances are affected at increas-solution containing 20 mM CaCl2 (approximately corre-
sponding to a 1:40 ratio) does not produce additional ing protein:cation ratios, likely reflecting the order of
population of the binding sites.effects (data not shown).
The lanthanide europium, a paramagnetic cation which These results indicate that CyaY is able to bind iron
but with low selectivity.is often used to replace calcium in calcium-binding pro-
teins, was used to enhance the effects observed. (Wil-
liams, 1979; Lee and Sykes, 1980). The amide resonances Iron Binding of a CyaY Mutant
In a previous paper, we had described the behavior ofof residues 20–32 and 44 disappear or are broadened at
a 1:1 protein:Eu3 ratio. While most of the chemical shifts a number of mutants designed to test the aggrega-
tion properties of CyaY (Adinolfi et al., 2002). In theremain unperturbed, the resonances of 14, 18, 33, and 43
move diagonally up to 0.1 ppm (1H frequency) and 1 CyaY_181922 triple mutant, Glu18, Glu19, and Asp22 of
the CyaY sequence had been mutated to lysines withppm (15N frequency). This behavior is consistent with
what is observed for Fe2 and Fe3, i.e., with a lifetime the aim of drastically changing the electrostatic proper-
ties of the protein surface. These mutations were shownof the Eu3 complex long with respect to the difference
Structure
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Figure 3. Mapping of the Ion Binding Sites of CyaY by Chemical Shift Perturbation
(A) Superposition of two-dimensional {1H, 15N}-HSQC spectra of 15N-labeled CyaY in the absence (blue) and in the presence (red) of Fe2 at a
protein:ion ratio of 1:2.
(B) Same as in (A), but for a 1:6 CyaY:Fe3 ratio.
(C) Titration of CyaY with Ca2 with a 1:6 protein:cation ratio.
(D) Titration of CyaY_181922 with a 1:6 protein:Fe3 ratio. All the experiments were carried out at 25C typically using 0.5 mM protein
concentrations in 20 mM Tris-HCl with 50 mM NaCl (pH 7.0). Fe2 was added, and the spectra were recorded under anaerobic conditions.
The residues affected are marked.
not to affect the tertiary structure but to have a drastic the N-terminal mitochondrial import signal. Both the
NMR spectral assignment and the structure of hfra(91-effect in reducing the aggregation of CyaY (Adinolfi et
al., 2002). Here, we used the mutant to explore further 210) are well characterized (Musco et al., 1999, 2000).
When an Fe2 titration was carried out on hfra(91-120)the role of these residues in direct iron binding. Addition
of Fe2 to the protein has virtually no effect on the HSQC using the same conditions adopted for CyaY, we ob-
served distinct and clear effects. The amide resonanceseven at a 1:6 ratio, indicating that Fe2 binding is com-
pletely abolished. Conversely, addition of Fe3 results of 112, 113, 115, and 125 disappear already at a 1:1
ratio. At a 1:2 ratio, further disappearance of residuein the disappearance of the amide resonances of resi-
dues 29 and 30 and strong weakening of those of 28 108 is observed, whereas 104, 107, 110, 114, 119, 120,
122, and 124 shift and broaden (Figure 5). At a ratio ofand 31 at a 1:0.5 protein:Fe3 ratio. At a 1:2 ratio, also
the resonances of 25, 27, and 28 broaden. At a 1:6 ratio, 1:6, the following resonances are affected: 104, 105,
107–115, 116, 119–122, 124, 125, and 127. No furthera generalized broadening is observed with the most
affected resonances being those of residues 24–32 and significant changes are observed at higher ratios. When
hfra(91-210) was titrated with Fe3 directly, visible pre-44. The resonances of residues 20–23 remain practically
unaffected (Figure 3D). cipitation was observed, which increased with time, thus
suggesting that, at neutral pH, precipitation of the ferricThese results prove conclusively the direct involve-
ment of Glu19 and Asp22 in iron binding. Complete loss hydroxide predominates and competes with binding
(data not shown). This is in agreement with the weakerof Fe2 binding when mutating these residues shows
that this region is the one responsible for the 1:2 stoichi- binding constant observed for this protein (Yoon and
Cowan, 2003). The iron would however remain bound ifometry. Conversely, retention of Fe3binding with imme-
diate disappearance of the residues 29–31 is in agree- Fe2 was added and this was left to oxidize by atmo-
spheric oxygen.ment with the higher stoichiometry of this cation and
indicates the hierarchical order in which the binding Recently, frataxin was reported to interact with aconi-
tase in a citrate-dependent manner (Bulteau et al., 2004).sites are populated in the wild-type.
This observation was explained by suggesting that the
role of citrate in stabilizing the frataxin/aconitase inter-Testing Iron Binding on Human Frataxin
To test conservation of the iron binding sites on human action could be to act as a bridge between the two
molecules. We tested the ability of citrate to interact withfrataxin, we used a construct [hfra(91-2100)] that com-
prises only the evolutionary conserved domain, without hfra(91-210) and compete with iron binding. Addition of
Mapping Iron Binding on the Structure of CyaY
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Figure 4. Histograms of the Effect of Cations on the Resonances of CyaY
(A) Histogram of the fractional volume from a spectrum recorded in the presence of Fe2 as compared to a control solution. Fe2 was added
under anaerobic conditions at ratios of 1:2. Asterisks indicate the positions of resonances not present (i.e., prolines) or not identified in the
spectrum (Nair et al., 2003), or for which overlap is severe and volume determination is consequently unreliable.
(B) Same as in (A), but for a 1:6 protein:Fe3 ratio.
(C) Histogram of the chemical shift variation of a solution recorded in the presence of 1:6 Ca2 as compared to a control solution.
(D) Same as in (B), but recorded for CyaY_181922.
citrate to reach a final 20 mM concentration reverts populated both by Fe2 and Fe3, presumably with com-
parable affinities (Figures 6A and 6B). Additional bindingcompletely iron binding, as observed from the reappear-
ance in the spectrum of hfra(91-210) of the resonances sites extend to include the region around 24–34. These
are presumably much weaker for Fe2, whereas in theof residues 112, 113, 115, and 125, which are most
influenced even at small iron:protein ratios (data not CyaY:Fe3 complex they account for the 1:6 stoichiome-
try. The region around 19–34 contains the highly con-shown). The general appearance of the spectrum is in-
distinguishable from that of the unbound protein. This served carboxylate residues (Figure 2), which are also
affected in hfra(91-210) (Figure 6C). In the CyaY_181922suggests both that citrate is able to compete effectively
with hfra(91-210) and that no direct interaction is estab- mutant, this site remains vacant, thus allowing the region
around 24–31 to be populated immediately (Figure 6D).lished between citrate and hfra(91-210). At this concen-
Even weaker binding sites are distributed in other regionstration, the resonance of citrate at 2.1 ppm is barely
of the molecule and are responsible for aggregation, byvisible because citrate is bound to iron, and the reso-
forming transient asymmetrically arranged dimers innance reappears as a sharp intense peak only by further
which iron forms intermolecular bridges between pri-addition of citrate (to reach 40 mM). Competition with
mary and secondary iron binding sites (Bou-Abdallahcitrate could explain why previous iron binding studies
et al., 2004; Adinolfi et al., 2002). Presumably, theseon hfra(91-210), conducted in the presence of citrate,
interactions are significantly stabilized only at highhad a negative result (Musco et al., 2000).
Fe3:protein ratios. A map of the regions involved in
aggregation, in good agreement with our current find-
ings, was already suggested by previous mutationalIron Binding Involves Conserved Residues:
Rationalization of Iron-Promoted Aggregation studies (Adinolfi et al., 2002), which had indicated that
the CyaY_181922 and CyaY_776 mutants are sufficientof Frataxin Orthologs
The residues involved in cation binding were mapped to strongly reduce aggregation. In contrast, mutation of
the exposed Trp61, one of the most conserved residuesonto the surfaces of CyaY and hfra(91-210) to locate
the binding sites (Figure 6). Structurally, our data are on the  sheet surface (see above), to an arginine has
properties indistinguishable from those of the wild-type.consistent with Fe2 and Fe3 sharing a common multi-
ple binding site on the surface that comprises the con- So far, only CyaY and Yfh1 have been shown to have
an appreciable tendency to aggregate in the presenceserved negatively charged residues at the edge between
the N-terminal 1 helix and the 1 strand. The site cen- of iron, particularly under aerobic conditions and low
salt concentrations (Adamec et al., 2000; Adinolfi et al.,tered around residues 19 and 23 of CyaY is the first
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Figure 5. Mapping of the Ion Binding Sites of hfra(91-210) by Chemical Shift Perturbation
(A) Superposition of two-dimensional {1H, 15N}-HSQC spectra of 15N-labeled hfra(91-210) in the absence (blue) and in the presence (red) of
Fe2 at a protein:ion ratio of 1:2.
(B) Histogram of the fractional volumes from a spectrum recorded in the presence of Fe2 as compared to a control solution. Fe2 was added
under aerobic conditions at a 1:2 ratio. The protein was in 10 mM HEPES buffer, with 50 mM NaCl (pH 7.0). The residues affected are marked.
2002; Bou-Abdallah et al., 2004), whereas human fra- relatively homogenously distributed on the surfaces of
CyaY and Yfh1. The surface of hfra(91-210) opposite totaxin aggregates only under extreme conditions and
without need of iron (Cavadini et al., 2002). According the 1-1 corner is much less charged and contains
several positively charged patches, which could preventto our results, human frataxin, which seems to have only
one highly specific iron binding surface, would conse- formation of secondary binding sites.
quently be less prone to form iron-promoted aggre-
gates. In support of this hypothesis, the electrostatic CyaY Has Unique Features as an Iron
Binding Proteinsurfaces of CyaY, Yfh1, and hfra(91-210) suggest differ-
ent features for the three proteins (Figure 7). While all We have mapped the binding site of iron for both CyaY
and the evolutionary conserved domain of human fra-three proteins are highly charged, negative groups are
Mapping Iron Binding on the Structure of CyaY
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Figure 6. Mapping the Residues Involved in
Iron Binding onto the Structures of CyaY and
hfra(91-210)
(A) The backbone of residues disappearing
and broadening upon the iron titration up to a
protein:Fe2 ratio of 1:2 are indicated in green
and in pearl green, respectively.
(B) The backbone of residues affected by the
iron titration at a 1:6 protein:Fe3 ratio are
indicated in green.
(C) Same as in (A), but for hfra(91-210) at a
protein:Fe2 ratio of 1:2.
(D) As in (B), but for the CyaY_181922 mutant.
In all panels, the side chains of negatively
charged residues within the affected region
are also explicitly indicated in red. In (D), the
side chains mutated into lysines are indicated
in blue.
taxin and have shown that it involves equivalent con- hfra(91-210) are able to bind iron also at the level of the
monomer by using a conserved surface. Thus, specificserved residues. Interestingly, the CyaY fold has no re-
semblance to that of any other known iron binding binding with a defined stoichiometry does not require
aggregation: extensive ultracentrifugation studies onprotein. In particular, it has no structural similarity with
ferritins, despite a possible common role as iron chaper- both the Fe2 and Fe3 complexes have shown that at
low protein:iron ratios the monomeric form is predomi-ones (Harrison and Arosio, 1996). Even more noticeably,
frataxins do not have any of the features expected for nant in solution (Bou-Abdallah et al., 2004).
An exposed coordination site formed mostly by car-iron binding, since their structures do not contain cavi-
ties or hydrophilic pockets in which iron or an iron bind- boxylates is, on the other hand, in agreement with the
relatively modest affinity constant observed for CyaYing cofactor could be stored. Our results show instead
that the iron binding surface involves a region that con- and with the even weaker binding of human frataxin
(Yoon and Cowan, 2003; Bou-Abdallah et al., 2004). Lowtains mainly carboxylate residues, but no conserved his-
tidine, cysteine, or tyrosine, the residues traditionally ob- affinity iron binding to allow formation only of a transient
complex could be a necessary feature if the role ofserved in other non-heme iron binding proteins (see, for
instance, the http://metallo.scripps.edu/PROMISE server). frataxin in the cell were to carry iron and pass it on to
other proteins, as supported by increasing evidence.We are not aware of any other iron complex in which
the only side chains involved are carboxylates. Recent reports have in fact shown that frataxin is able
to donate iron to IscU, ferrochelatase, and aconitaseThe stoichiometry of two Fe2 or six Fe3 per CyaY
monomer strongly hints at the formation of one or more (Yoon and Cowan, 2003; Yoon and Cowan, 2004; Bul-
teau et al., 2004). However, although attractive, this hy-di-iron clusters (Harrison and Arosio, 1996). It would be
tempting to locate one of them in the quadrangle formed pothesis contrasts with the binding constants that are
too low when compared with the “free” iron concentra-by Glu18, Glu19, Asp22, and Asp23, whose side chains,
if suitably reoriented, are at distances well compatible tion in mitochondria (4.8–9.2 M) (Petrat et al., 2001)
and with the high concentrations of other chelatingwith a di-iron cluster (Lange and Que, 1998). This binding
site would not be a classical one since there are not agents (e.g., citrate) that would compete with the fra-
taxin monomer. A possible way to get around this diffi-typical ligands, e.g., His and/or Cys, at a short enough
distance. However, the amide resonance of Glu18 is not culty could be to accept the ferritin-like hypothesis (Ada-
mec et al., 2000), according to which a supramolecularaffected at a protein:iron ratio of 1:2. Furthermore, the
positions corresponding to Glu19 and Asp22 are com- assembly of frataxin is needed to protect iron in an
insoluble core similar to that described for ferritin (Har-mon also to human frataxin, but that equivalent to Glu18
is mutated to Ala or another hydrophobic residue in all rison and Arosio, 1996). If so, iron binding to the mono-
mer could be the first step of the formation of the spheri-eukaryotes (Figure 2A). It is possible that extra ligands
may come from backbone atoms, but it is not possible cal aggregate that occurs at high protein:iron ratios and
that would be equivalent to the ferroxidase center inat this stage to speculate about the precise geometry
of the complex. ferritins. Interestingly, though ferroxidase activity was
reported for the yeast frataxin ortholog (Park et al., 2002),A possible way to bind iron could involve frataxin-
forming dimeric species such as those observed in this function is not retained in CyaY (Bou-Abdallah et
al., 2004). A major difficulty with this hypothesis is thatL. innocua ferritin, where iron cations intermolecularly
bridge two ferritin subunits (Ilari et al., 2000). However, aggregate formation occurs only at an ionic strength
too low to be of physiologic relevance (Adinolfi et al.,we demonstrate that, despite the tendency of CyaY to
form high molecular weight species, both CyaY and 2002; Bou-Abdallah et al., 2004).
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Figure 7. Comparison of the Electrostatic
Surfaces of Frataxin Orthologs
The proteins are oriented as in Figure 1 (left)
and with a 180 rotation around the y axis
(right). The structure of Yfh1 was built by ho-
mology from the coordinates as described in
Adinolfi et al. (2002). Electrostatic potential
and surface maps were calculated by the pro-
gram GRASP (Nicholls et al., 1991).
al., 2002; Nair et al., 2003). In short, a CyaY construct (Swiss-In this context, the results reported in this study may
Prot:P27838) was cloned into a pET-derived plasmid vector as a His-provide valuable guidelines to design mutations that
tagged glutathione-S-transferase (GST) fusion protein comprisingcould then be used to influence iron binding and/or
a tobacco etch virus protease cleavage site that leaves a short
aggregation and to test their effects in vitro and in vivo. N-terminal GlyAla tag. The protein was overexpressed in E. coli
If, for instance, iron binding was the main function of strain BL21(DE3) at 37C by using minimal media supplemented with
13C glucose and/or 15N ammonium sulfate as carbon and nitrogenfrataxin, mutations affecting residues in the iron binding
sources. The soluble protein was first subjected to affinity chroma-surface must have lethal consequences for the cell. Dis-
tography (gutathione-S-Sepharose) and then further purified by geltinct mutations could also be introduced to selectively
filtration chromatography on a Superdex G75 16/60 column (Phar-affect the secondary binding sites involved in aggrega-
macia). Protein purity was checked by using SDS-PAGE and mass
tion. While further studies are therefore still necessary spectrometry. A similar protocol was followed to produce the
to gain a fuller understanding of the mechanism by which CyaY_181922 triple mutant, as described in Adinolfi et al. (2002).
frataxin operates in the cell, our work may provide a
new and powerful tool to discriminate among the current NMR Data Collection, Methods, and Analysis
Spectra for NMR assignment and structure determination of CyaYhypotheses.
were acquired by using 15N and 13C, 15N uniformly labeled samples
at 0.5–0.7 mM concentrations in 90% H2O/10% D2O solution con-Experimental Procedures
taining 50 mM potassium phosphate (pH 7.0), 150 mM KCl, 1 mM
DTT, and 0.05% sodium azide. Complete resonance assignment ofProtein Expression and Purification
15N and 13C,15N samples of CyaY were obtained from expression in the backbone and side chain atoms of the 109 residue CyaY con-
struct has been reported elsewhere (Nair et al., 2003), and the dataE. coli according to the protocol described elsewhere (Adinolfi et
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